The high concentrations of K found in most living cells serve a number of different functions. In Escherichia coli two functions of K have been identified in addition to the common one of activating many cell enzymes to maximum activity. Studies of the dependence of cell K concentration on osmolality have suggested that this ion plays an important role in the osmoregulation of this species (4, 5) . Another function was revealed by showing that K starvation of E. coli impairs growth and respiration and that these effects are due to absence of K at the outside surface of the cell. The primary process that requires external K seems to be the uptake of inorganic phosphate (14) .
In further studies of the role of K in the metabolism of E. coli K-12, we have isolated K-dependent mutants of this species. These kdp mutants were selected for their slower growth in media containing low concentrations of K. In this paper we describe the growth properties of the mutants and mapping of the lesion responsible for this phenotype.
MATERIALS AND METHODS Media. The standard minimal medium used in this work, referred to as K1O medium, contained: Na2HPO4, 46 mM; NaH2PO4, 23 mM; (NH4)2SO4, 8 mM; MgSO4, 0.4 mM; KCI, 10 mM; FeSO4, 6 juM; and thiamine-hydrochloride, 1 mg/liter. Amino acids at 50 mg/liter and other vitamins at I mg/liter were added as required; 10 g/liter of a carbon source was added, and, unless otherwise stated, the carbon source 1 Present address: Department of Biochemistry, University of Chicago, Chicago, Ill. 60637. 2 Present address: Department of Biology, University of York, York, England. was glucose. KO medium is the same medium without KCl; it contains approximately 20 pM K owing to contamination of the other components of the medium. Amino acid-supplemented medium refers to glucose-containing minimal medium to which 50 mg/ liter of each of the 18 natural 1-amino acids are added. Agar plates were prepared by adding 15 g/liter of agar to the medium. KO plates were prepared by first washing the unhydrated agar with dilute NaCl and then with distilled water to remove contaminatinig K. KO buffer, used routinely in diluting cells for plating and the drop tests described below, is KO medium without any carbon source. K-free medium used in growth experiments was prepared by inoculating a large volume of KO medium with a Kdp+ strain, and allowing growth to continue well past the time at which the medium had been depleted of K (14) . The medium was then collected by filtration MR44CTS carrying an episome with a kdp mutation with a F-Gal-strain carrying a different kdp mutation. After 1 hr of mating, one drop of a 1:3,000 dilution of the mating mixture in KO diluent was placed on amino acid-supplemented KO plates and onto galactose K10 plates. The thymine requirement of MR44CTS prevented growth of this donor strain on any of the selective media used in these tests. Matings between complementing pairs of mutants resulted in the rapid growth of approximately the same large number of colonies on the KO plates as appeared on the galactose plates. Matings between non-complementing mutants resulted in no growth, or at most the appearance of a very few colonies ascribed to recombination. In some matings many rather slowly growing colonies appeared on the KO plates. This latter result was interpreted as weak complementation.
Suppression. High-frequency transducing lysates of c80dsuymel or 480dsupC were used to test suppressibility of the kdp mutations by amber and ochre suppressors. Lysates resuspended in phage buffer (to minimize carry-over of K) were spotted on streaks of the strains on amino acid-supplemented KO plates. Suppression by the amber suppressor resulted in growth appearing after 48 hr, whereas the much weaker suppression by supC resulted in visible growth only after 3 or 4 days of incubation. Mutants giving evidence of suppression by this test were further studied by using these lysates to transduce a derivative carrying the lacZx82 amber mutation to Lac+, and then testing the resultant strain by the drop test. By this test the amber suppressor resulted in growth on KO plates that was approximately as fast as a Kdp+ strain, whereas the ochre suppressor resulted in rather slow growth of the cells on KO plates. The transducing lysates carrying SuYmel and supC were obtained by ultraviolet induction of strains M7069 and XA7015, respectively, both obtained from J.
Beckwith.
A test for suppression by the strong UGA suppressor in strain CAJ68 (Lac--deletion SUPUGA(X)/ F-lacZ659) of S. Brenner was carried out by first introducing the UGA mutation lacZ659 into the Kdpstrain. Then a Plkc lysate of a F-X-derivative of CAJ68 was used to transduce the Kdp-strain to Lac+. Since this donor strain has a deletion of the lac region, the Lac+ transductants must arise through transduction of the UGA suppressor. Several transductants were purified and tested for the Kdp trait by the drop test.
Other methods. Cultivation of the cells, matings, incubation of plates, and the penicillin selections were carried out at 37 C. Plkc phage preparations for transduction were prepared by making confluent plate lysates in 2 ml of 0.4% agar poured onto ML broth plates containing 2.5 mm CaCl2. After overnight incubation, the soft layer was scraped off, mixed with an equal volume of phage buffer and some chloroform, and centrifuged twice to remove debris. The lysate was cycled through each donor strain twice to minimize carry-over of any transducing particles present in the starting lysate. For transduction, recipient cells were grown to late exponential phase in ML broth, and resuspended and aerated for 20 min at a concentration of 109 cells/ml in a solution containing 10 mM CaC12 and 5 mm MgSO4. Then the Plkc lysate, suitably diluted with phage buffer as needed, was added to achieve a multiplicity of infection of 0.3 for mapping work, and 0.1 in the construction of strains to be used in further work. After 30 min of absorption, suitable volumes of the cells were plated on selective media. Matings were performed by mixing equal volumes of exponentially growing donor and recipient cells at a concentration of 108/ml, and incubating a small volume of the mixture in a large tube or flask. In matings in which low dilutions of the mating mixture were to be plated, and in all matings in which Kdp+ recombinants were selected, the mating mixture was first centrifuged and resuspended in KO diluent to minimize carry-over of K and nutrients to the selective plates. In all matings and transductions, plating was done with the soft overlay method, by using 3 ml of 0.6% agar in KO diluent.
RESULTS
Growth characteristics. All of the mutants isolated after two cycles of penicillin selection and identified by replica plating to KO medium appeared to have the same general properties. They all grew at a normal rate on media containing more than 1 mm K, gave the expected reactions on a number of different indicator media, and grew on all of the carbon sources that the parental strains did. Two of the mutants as originally isolated grew more slowly than the parental strain in all media tested, but this slow growing trait could be separated from the Kdp trait by P1 transduction.
The growth rate of one of the mutants as a function of K concentration is shown in Fig. 1 . In view of the manner in which these mutants were isolated, it is not surprising to find that they have lower growth rates when the medium K concentration is low. In similar experiments with several Kdp+ strains, the growth rate was found to be independent of medium K concentration over the range studied here. The same result had been previously found for an F+ strain of E. coli K-12, for which the parallel and exponential increase of turbidity and total cell volume (up to the point at which the culture had exhausted all of the K in the medium) showed that the growth rate of these bacteria is constant until the medium K concentration falls well below 5 gm (14) . The data shown are for a strain carrying kdpABCS, a deletion affecting three of the kdp cistrons. Similar results were obtained with four point mutations, (kdpA1O, kdpB7, kdpC34, and kdpD2) representative of the four kdp cistrons. In all cases the dependence of growth rate on K concentration could be satisfactorily approximated by a saturation type of curve, in which the growth rate was half-maximal in media containing between 0.07 and 0.11 mm K.
Mapping. All of the 25 independent kdp mutants isolated have been found to carry a mutation in a small region of the bacterial chromosome near the gal operon. Figure 2 shows the location of kdp relative to a number of other markers in this part of the map and summarizes the mapping data on which this location is based.
The approximate location of kdp was established by mating strain XS-7 (carrying kdpB7) with a multiply marked recipient strain and testing different classes of recombinants for their inheritance of the Kdp-trait. Approximately 90% of the Gal+ recombinants were also Kdp-, indicating that these two loci must be quite close to each other. F-strains carrying kdpB7 were mated with a number of donor strains which efficiently transfer certain markers in the vicinity 7 . Fine structure of the kdp region. The fine structure of this region was established by a combination of three point crosses, measurements of recombination frequencies, and ordering of the mutations into different complementation groups. The resultant map of the region is shown in Fig.  3 , and the data from the three point crosses are listed in Table 3 . As a first step, recombination frequencies among seven of the mutations were measured (Fig. 3) . Although these measurements showed some inconsistencies in that there was a lack of equality in some of the pairs of reciprocal crosses and there is a lack of additivity of distances, the results did allow the ordering of these mutations with respect to each other except for 2 and 11, the relative order of which was established by a three-factor cross (Table 3) . The results of these crosses listed in Table 3 include several crosses between mutations already ordered by measurement of recombination frequency. In a majority of the cases, the reciprocal cross (kdp mutation interchanged between donor and recipient) was also carried out. The three crosses mentioned in the footnote to Table  3 show that the same order is obtained when the Hfr parent is Gal-, or when the outside marker scored is gitA.
These three point crosses allowed the unambiguous ordering of all those mutants for which this was attempted. Since gal is not very closely linked to kdp, recombination between these two markers is not uncommon, and as a result the difference in incidence of Gal+ between a given cross and its reciprocal was often not very large. However, the difference is significant at the 5%c level of confidence for each of the pairs of crosses -a given cross and its reciprocal ( Fig. 3 . Although all of these five mutants arose independently, no recombination between them was detected in Hfr X F-crosses, nor in the more sensitive test of constructing stable diploids of the mutants with an F1 gal episome carrying kdpC38 and plating for Kdp+ recombinants. In a control diploid combining kdpC24 with kdpC37, recombination was over 5,000 times higher than in the diploids combining kdpC38 with the different mutants listed under site 24. Since all of these five mutants revert spontaneously and thus are not deletions, it is assumed that they are repeated isolations of the same mutation and were treated as such in analyzing the three point crosses.
Suppression. All of the kdp mutations were examined for suppressibility by the amber suppressor suymel and by the ochre suppressor supC. Mutations kdpA21, kdpB30, kdpC31, and kdpC39, all induced with 2-aminopurine, were efficiently suppressed by the amber suppressor and quite weakly suppressed by the ochre suppressor. Tests for suppression by the strong UGA suppressor were carried out only on kdpC24 and kdpC37, two other mutations with unusual complementation patterns. Neither of these mutations was suppressed by the UGA suppressor.
Complementation. F1gal episomes carrying 14 of the kdp mutations were prepared and used to test complementation in stable partial diploids. The results of these experiments are summarized in Table 4 . Most of the mutations behaved in the way expected of missense mutations in complementing all other mutations except those falling in their own complementation group. Several point mutations (AIO, Dll, and D22) had somewhat anomalous complementation patterns. Their assignment to cistrons was chosen as the best fit to the complementation data, and is consistent with the mapping data.
Major anomalies in complementation were exhibited by three mutations in cistron: C 24, 37, and 39. The latter two failed to complement any mutations except those in cistron D. This pattern is typical of a polar effect in the direction of C to A, although, as discussed below, this is probably not an example of polarity at the genetic level. In each of these Hfr Hayes X F-crosses, an average of 150 Kdp+ recombinants were scored for inheritance of the unselected donor marker. Reciprocal crosses are ones in which the kdp mutations in donor and recipient are reversed.
b Results for crosses in which 24 is italicized represent the combined results (mean :4 standard deviation, number of crosses in parentheses) of a number of separate matings with different members of the group of mutants (24, 28, 29, 35, and 38), all of which appear to be identical.
c When D22 is the Gal-donor and C24 the Gal+ recipient, the per cent of Kdp+ recombinants inheriting the donor gal marker is 48% from the stated cross and 20% from the reciprocal cross.
d When the Glt+ donor is C24 and the Gltrecipient is C39, 70% of the Kdp+ recombinants inherit the donor gitA marker. When D2 is the Glt+ donor and the Glt-recipient is C39, 67% of the Kdp+ recombinants inherit the donor gitA marker. These results for segregation of the gitA marker are from the same crosses as used to measure segregation of the gal marker for those particular pairs of kdp mutations.
Mutation kdpC24 was not strongly complemented by any kdp mutation: it was very weakly complemented by the wild-type episome, by kdpD2, and by kdpD22, but not at all by any of the other mutations. Since it maps between kdpDJJ and kdpC31, and since it is as effectively complemented by two of the D cistron mutations as-by the wild-type episome, it has been somewhat bWhere more than one mutation is listed at the head of a row or column, all of the mutations were tested and all gave the same results.
e Very weak complementation of D22 by itself is probably a gene dosage effect. This mutation is somewhat leaky, so that a diploid of D22 would be expected to grow better than the haploid on KO medium.
arbitrarily placed in cistron C. The failure of this mutation to be complemented suggested that it had a dominant negative character, and this hypothesis was proved by measuring the growth rate of a diploid strain in which the chromosome was Kdp+ and the episome carried kdpC24. For 1 hr after resuspension in media of different K concentrations, this strain showed the same dependence of growth rate on K concentration as that illustrated in Fig. 1 . At later times the growth rate in low K media increased, probably owing to the appearance of significant numbers of homozygous Kdp+ recombinants or of F-segregants in the culture. Thus, kdpC24 interferes with the normal expression of the Kdp+ genes in trans both when the mutation is on the episome and when it is on the chromosome. DISCUSSION The kdp mutants described in this report were isolated in the hope that they would have a primary alteration in K transport. Although studies of K transport are incomplete at present, they indicate that the slow growth of these mutants in low K media cannot be attributed to an alteration in the uptake or retention of K In E. coli B the same selection procedure has yielded mutants defective either in the retention of K (6, 8) or in the uptake of K (3). Preliminary mapping of one of the retention-defective mutations shows a location near leu, some distance from kdp (7), whereas mapping of one of the uptake-defectives (M. Burmeister-Ah-stracts, Biophysical Society, A-256, 1969) at a location 4 min clockwise from proC suggests that this class of mutation may map near the kdp locus.
The clustering of the kdp mutations into four closely linked cistrons and the common phenotype associated with mutations in each of the four cistrons lead one to suspect that this group of genes may constitute an operon. However, we have not been able to obtain evidence that these genes are part of an operon. In the absence of a direct or quantitative assay of the products of the kdp cistrons, we had to rely on complementation studies to examine the expression of the different cistrons. 2-Aminopurine was used as a mutagen to isolate a number of nonsense mutations, with the hope that some of these would be polar and thereby prove that the genes did constitute an operon and, at the same time, indicate the orientation of the operon (15) . Of the four nonsense mutations isolated, only kdpC39 had a complementation pattern suggestive of polarity, and this was in the direction of C to A. However, we do not believe that the failure of kdpC39 to complement any mutations in cistrons A or B is an example of polarity. Since this mutation lies to the right of most of the other mutations in cistron C, it should be toward the operatordistal part of this gene if the effect were due to polarity. However, it is now established that there is a gradient of polarity in genes, and strongly polar effects are due to mutations in the operatorproximal end of a gene (9, 15) . Thus the location of mutation kdpC39 would lead one to expect that it would not be strongly polar, yet this mutation is not at all complemented by mutants in A or B. A further argument against polarity of mutation 39 is provided by the fact that amber mutation kdpC31, which maps to the left of kdpC39, is effectively complemented by mutations in cistrons A and B. If the unusual complementation of kdpC39 were due to polarity, kdpC31 should be even more polar.
The complementation pattern exhibited by kdpC39 is probably not due to the nonsense character of the mutation, since mutant kdpC37 which maps nearby has the same complementation pattern, yet does not appear to be a nonsense mutation. We do not have a satisfactory explanation for this pattern of complementation. One possibility is that the cistron C product is necessary for expression of the products of cistrons A and B, and that some cistron C mutations prevent the expression of the A and B cistrons even when a wild-type C cistron is present in trans. Another possibility is that the products of these genes function as a macromolecular structure containing the products of cistrons A, B, and C. Assuming that the C cistron product plays a central role in the assembly of this structure, one might find that certain mutations like kdpC24 would prevent normal assembly of the structure, whereas other mutants like kdpC37 and kdpC39 would strongly favor assembly of a nonfunctional structure if mutant forms of the A or B cistron products were present.
